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Abstract The sphingolipid metabolite sphingosine-1-
phosphate (S1P) and the kinases that produce it have
emerged as critical regulators of numerous fundamental
biological processes important for health and disease.
Activation of sphingosine kinases (SphKs) by a variety of
agonists increases intracellular S1P, which in turn can be se-
creted out of the cell and bind to and signal through S1P re-
ceptors (S1PRs) in an autocrine and/or paracrine manner.
Recent studies suggest that this “inside-out” signaling by S1P
may play a role in many human diseases. As the roles of
the S1PRs in cell and organismal physiology are discussed
elsewhere in this volume, we focus this review mainly on
recent reports showing how SphKs are activated and S1P
reaches its receptors, the role of SphKs and S1P in regu-
lating sphingolipid homeostasis, and the potential impor-
tance of the SphK/S1P axis as a therapeutic target in
human diseases.—Maceyka, M., S. Milstien, and S. Spiegel.
Sphingosine-1-phosphate: the Swiss army knife of sphingo-
lipid signaling. J. Lipid Res. 2009. S272–S276.
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Sphingolipids are ubiquitous components of all mem-
branes in eukaryotic cells. Analogous to the lipid signaling
molecules derived from metabolism of glycerolipids,
sphingolipids produce bioactive sphingolipid metabolites
such as sphingosine, sphingosine-1-phosphate (S1P), cer-
amide, and ceramide-1-phosphate that have key roles in
regulating many important physiological and pathological
functions (1). Signal-induced activation of several types of
sphingomyelinases generates ceramide in a variety of com-
partments within the cell. Deacylation of ceramide by cer-
amidases yields sphingosine, the most common sphingoid
base in mammals. Sphingoid bases can be recycled into
complex sphingolipids or phosphorylated by one of two

sphingosine kinase isozymes (SphK1 and SphK2) to form
S1P. There are two pathways of S1P degradation: reversible
dephosphorylation to sphingosine by nonspecific phos-
phatases, including lysosomal and lipid-specific phospha-
tases, and by two S1P-specific phosphatases, SPP1 and
SPP2; and irreversible cleavage by S1P lyase (SPL), which
can lead to the formation of phosphatidylethanolamine.
The latter is the only pathway for degradation of sphingoid
bases in mammalian cells.

Ceramide, sphingosine, and S1P are readily interconver-
table, which is of great significance not only because they
are potent signaling molecules, but they also regulate cell
growth and survival in different manners. Ceramide and
sphingosine are important regulatory components of stress
responses, typically inducing growth arrest and apoptosis
(1). Conversely, S1P inhibits apoptosis and promotes pro-
liferation (2). Thus, the dynamic balance between S1P and
its precursors, ceramide and sphingosine, and their con-
sequent regulation of opposing signaling pathways is an
important factor that determines cell fate (3). Although
many of the effects of S1P result from its action as a ligand
for a family of five G protein-coupled receptors, denoted
S1P1-5, there is some evidence indicating that S1P can also
act through still not yet well-characterized intracellular tar-
gets (2).

COULD S1P BE A CENTRAL REGULATOR OF
SPHINGOLIPID METABOLISM?

Many studies have demonstrated an inverse correlation
between SphK1 activity and ceramide levels. A potential
mechanism for the association of SphK1 activity and cer-
amide is provided by the observation that overexpression
of SphK1 also increased dihydrosphingosine (sphinganine)
and dihydro-S1P, suggesting that SphK1-generated S1Pmay
negatively regulate CerS(s) activity, leading to a buildup of
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its substrate, dihydrosphingosine (4). Indeed, it was re-
cently shown that S1P inhibits CerS2 activity in vitro by in-
teracting with two residues that are part of an S1PR-like
motif found only in CerS2 and not in other CerS (5). How-
ever, CerS2 does not efficiently utilize C16-ceramide as a
substrate, and it is predominantly this ceramide species that
is most reduced when SphK1 is overexpressed (4).

Several recent reports have examined the effect of spe-
cifically targeting SphK1 and production of S1P in cancer
cells on ceramide-mediated apoptosis induced by anti-
cancer drugs. Treatment of human K562 chronic myeloid
leukemia cells with the Bcr-Abl tyrosine kinase inhibitor
imatinib induced apoptosis mediated by increased cer-
amide, mainly C18-ceramide, which is generated by CerS1
(6). There were no changes in expression or activity of
CerS1 in imatinib-resistant K562 cells. Rather, there were
significant increases in expression of SphK1 and genera-
tion of S1P. Similarly, SphK1 activity was markedly de-
pressed in imatinib-sensitive LAMA84 chronic myeloid
leukemia cells concomitant with increased ceramide and
decreased S1P. Overcoming imatinib resistance by combi-
nation therapy also decreased SphK1 activity in these cells
(7). Several SphK inhibitors have been shown to reduce
tumorigenesis in xenograftmodels (8, 9). Because of the dif-
ferent actions of SphK1 and SphK2 (see later discussion), a
specific inhibitor of SphK1 should be useful for cancer
therapeutics, yet most of the SphK inhibitors identified
so far, including F-12509a and B-5354c isolated from ma-
rine bacteria and chemical inhibitors identified by me-
dium throughput screening, inhibit SphK1 and SphK2.
However, we recently described a water-soluble and potent
isozyme-specific SphK1 inhibitor, SK1-I, that markedly de-
creased S1P levels while increasing ceramide levels in
U937 and Jurkat human leukemia cells (10). SK1-I markedly
reduced growth of U937 acute myelocytic leukemia xeno-
graft tumors and potently induced apoptosis of leukemic
blasts isolated from patients with acute myelogenous leuke-
mia but did not significantly affect normal peripheral blood
mononuclear leukocytes (10). This study provides proof of
concept that a specific SphK1 inhibitor might be a useful
new adjunct to the current therapeutic armamentarium
for human cancer.

OPPOSING ROLES OF SPHK1 AND SPHK2 IN
SPHINGOLIPID METABOLISM?

In contrast to SphK1 and consistent with its ability to en-
hance apoptosis, SphK2 expression increases proapoptotic
ceramide levels (4). Recent studies have provided a plau-
sible explanation for how S1P produced from SphK2, but
not from SphK1, can be converted to ceramide. An un-
usual pathway in mammalian cells for the salvage of sphin-
gosine back into ceramide has been uncovered that
requires its phosphorylation by SphK2 (but not SphK1)
and then dephosphorylation by SPP1 (but not SPP2) be-
fore it can be reacylated to ceramide by CerS (11). Similarly,
renal mesangial cells isolated from SphK2-, but not SphK1-
knockout mice, had increased levels of sphingosine (12).

This seemingly futile cycle has previously been demon-
strated to occur in yeast (13), suggesting that this is an evo-
lutionarily conserved pathway.

ACTIVATION OF SPHKS

In the decade since their initial characterization and
cloning, much has been learned about the two ubiquitously
expressed SphK isoenzymes, SphK1 and SphK2. The neces-
sity for expression of two similar enzymes that catalyze the
phosphorylation of sphingosine to produce the same prod-
uct, S1P has now been clarified by the demonstration that
mice with knockouts of either SphK1 or SphK2 have nearly
normal S1P levels and no severe phenotypes, while the
double SphK1/SphK2 knockout is embryonically lethal
due to severe effects on brain and cardiovascular develop-
ment and embryos are devoid of S1P (14). Thus, produc-
tion of S1P is vital for life and SphK1 and SphK2 can
have compensatory, overlapping, or even different physio-
logical functions, depending on the cell or tissue where
they are expressed.

While numerous stimuli, including growth factors, hor-
mones, chemokines, and cytokines, have been shown to ac-
tivate SphK1, much less is still known about SphK2. In
many cases, activation of SphK1 is biphasic with a rapid in-
crease in enzymatic activity within a few minutes followed by
an increase in SphK1 protein levels over the next 24–48 h.
As purified and recombinant SphKs are highly active, ac-
cess to their lipophilic and membrane-associated substrate
sphingosine is likely an important in vivo regulatory mech-
anism. Indeed, Pitson et al. (15) have shown that SphK1 is
phosphorylated on Ser225 (human SphK1) by ERK1/2,
which is necessary for its activation and translocation to
the plasma membrane, perhaps by exposing a putative
binding site for the membrane lipid phosphatidylserine
(16). Subsequently, SphK1 was found to have a calmodulin
binding site between residues 191–206, which was neces-
sary for agonist-induced translocation to the plasma mem-
brane but not required for activation (17). Recently, it was
shown that protein phosphatase 2A negatively correlated
with Ser225 phosphorylation and SphK1 membrane locali-
zation, suggesting that it may regulate SphK1 translocation
(18). SphK1 has also been shown to interact with numer-
ous other proteins that may contribute to its translocation
and regulation.

The first clues to the mechanism of agonist-mediated
SphK2 activation were provided by the observations that
EGF and an activator of protein kinase C induce rapid
phosphorylation of SphK2, which was markedly reduced
by inhibition of MEK1/ERK pathway (19). Moreover,
down-regulation of ERK1 expression prevented EGF-
induced phosphorylation of SphK2 and inhibited migra-
tion of MDA-MB-453 human breast-cancer cells toward
EGF (19). To date, there are only a few examples of cells
in which both SphK1 and SphK2 are activated in response
to agonist stimulation. In rodent mast cells, crosslinking of
FcyRI, the high-affinity receptor for IgE, stimulates SphK1
and SphK2, increasing production and secretion of S1P
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(20). Recent results suggest that differential formation of
S1P by SphK1 and SphK2 has distinct and important ac-
tions in mast cells (21, 22).

“INSIDE-OUT” SIGNALING TO S1PRS

There is no doubt that the most important actions of
S1P are mediated by binding to its specific receptors. For
example, S1P1 is required for trafficking of lymphocytes
and hematopoietic progenitors through blood, lymph,
and peripheral tissues (23, 24) and also is critical for angio-
genesis and vascular maturation. S1P2 is required for devel-
opment of vestibular and hearing functions (25). More
details on specific functions of S1PRs will be reviewed ex-
tensively elsewhere in this volume.

However, as mentioned above, many cells that produce
S1P by activation of SphK1 also secrete it, which can then
activate receptors present on neighboring cells (paracrine)
or the same cell (autocrine). In this inside-out signaling, ac-
tivation of S1PRs is required for complete agonist actions.
This was first suggested by the observation that spatially re-
stricted formation of S1P and activation of cell surface S1P1
receptors were essential for PDGF-directed cell movement
(26). This paradigm has now been extended to many other
growth factors, hormones, and cytokines, and only a few re-
cent examples are discussed here. For example, SphK1 and
activation of S1P3 or S1P1 are required for migratory re-
sponses of cancer cells toward another serum-borne lyso-
phospholipid, lysophosphatidic acid (27), and toward
heregulin (28), respectively. This is consistent with the
notion that activation of S1P1 or S1P3, in contrast to S1P2,
promotes directed cell movement. Recently, we demon-
strated that filamin A, an actin-cross-linking protein in-
volved in cell movement, is a bona fide SphK1-interacting
protein that is required for heregulin-induced activation of
SphK1, migration, lamellipodia formation, activation of
PAK1, and subsequent filamin A phosphorylation (28).
Moreover, filamin A links SphK1 and production of S1P
and S1P1 (but not S1P2) with PAK1 to locally influence
the dynamics of the actin cytoskeletal at lamellipodia that
promote cell movement (28).

eNOS activation and NO production induced by TNF-a
also occurs through S1P generation and stimulation of its
receptors leading to activation of Akt to confer cytoprotec-
tion from excitotoxic and neurotoxic agents (29). Intrigu-
ingly, lipopolysaccharide and thrombin, known to increase
mouse lung microvascular permeability, also induced a de-
layed activation of SphK1 that was coupled to activation of
S1P1 to reverse microvessel leakiness (30). Interestingly, the
SphK1/S1P/S1P3 axis is a downstream component of pro-
tease activated receptor-1 (PAR1) signaling that regulates am-
plification of inflammation in sepsis syndrome. Importantly,
inhibition of dendritic cell PAR1/SphK1/S1P/S1P3 signal-
ing in the lymphatics could attenuate systemic inflamma-
tion by containing inflammation to draining lymph nodes
downstream of severe inflammation or infection (31).

A critical question that arises from the many examples
of inside-out signaling is, what is the mechanism for export

of S1P from cells? A few studies have begun to provide evi-
dence for the involvement of ATP-binding cassette (ABC)
family of transporters. Release of S1P from mast cells ac-
tivated by FcyR1 crosslinking was mediated by ABCC1
and not by ABCB1 (32). Similarly, it was suggested that
thrombin-stimulated S1P secretion from platelets is also
mediated by an ABC transporter (33, 34), and in astro-
cytes, the ABCA1 transporter is critical for release of S1P
(35). Taken together, these studies suggest that members
of the large family of ABC transporters might be important
for export of S1P out of cells.

THE S1P GRADIENT

Mammals maintain an S1P gradient between blood,
lymph, and tissues: S1P levels in plasma are near mM levels,
lymph fluid levels are 4- to 5-fold lower, while interstitial
fluid levels are roughly 1,000-fold less (36). This gradient
is of substantial importance for the trafficking and matura-
tion of hematopoietic cells, including T-, B-, and dendritic
cells, as well as regulation of vascular permeability and
tone. Evidence from knockout mice has shown that SphK1
and SphK2 contribute to the plasma levels of S1P, though
SphK1 plays a larger role (21). Platelets were originally
suggested to be the major source of S1P in plasma, as these
cells release large amounts of S1P upon activation. How-
ever, it was recently shown that depletion of platelets in
mice by genetic or pharmacologic means had only a small
effect on circulating plasma levels (36, 37). Using an ele-
gant conditional gene deletion approach, Pappu et al.
(36) were able to specifically ablate SphK1 and SphK2 in
hematopoietic cells, vascular endothelium, and liver. In-
triguingly, these mice survived into adulthood even though
they had no detectable S1P in either plasma or lymph.
Lethal irradiation followed by wild-type bone-marrow re-
constitution restored normal S1P levels in plasma, but
not in lymph. Conversely, plasma S1P levels in lethally irra-
diated wild-type mice were not restored upon bone-marrow
reconstitution with SphK-deficient bone marrow, although
lymph levels remained unaffected. Moreover, the plasma
levels of S1P in SphK-deficient mice could be restored by
transfusion of an equivalent of 20% wild-type erythrocytes,
suggesting that these cells might be the main source of cir-
culating S1P. Thus, the authors concluded that plasma and
lymph S1P levels are maintained by different cell types, with
circulating S1P being mainly contributed by erythrocytes
(36). Indeed, another study demonstrated that S1P is re-
leased from isolated erythrocytes, but not platelets or lym-
phocytes, in a plasma-dependent manner (38). It is still not
clear whether erythrocytes produce S1P or just store and
release it. Moreover, studies with ABC receptor knockout
mice showed that neither ABCC1, ABCA1, nor ABCA7 con-
tribute to plasma S1P levels (39). Nevertheless, these stud-
ies are consistent with recent findings in humans that
plasma S1P levels positively correlate with erythrocyte levels
(40). It has also recently been suggested that the vascular
endothelium, in addition to the hematopoietic system,
may also contribute to plasma S1P (37) and that ABCA1
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and ABCC1 might be involved in S1P release from endo-
thelial cells (39). Thus, it is likely that multiple sources con-
tribute to maintaining the high levels of S1P in blood.
Moreover, these levels of S1P can change in pathological
conditions and diseases, such as anaphylaxis (21), stress
(41), and inflammation-induced cancer (42).

ROLES OF S1P IN HEALTH AND DISEASE

Many of the initial studies on the roles of S1P in disease
focused on the growth promoting and angiogenic proper-
ties of S1P in cancer. This area of research has grown with
the observations that SphK1 expression is up-regulated in
many types of cancers. With the discovery of FTY720, a po-
tent immunosuppressive prodrug that is phosphorylated
in vivo to a S1P mimetic, there has been an explosion of
research on S1P regulation of immune cell trafficking
and the role of S1PRs in immunosuppression, transplanta-
tion, multiple sclerosis, atherosclerosis, allergy, autoimmu-
nity, and anaphylaxis. There is also some evidence for
SphK1-dependent stimulation of cyclooxygenase-2 expres-
sion in late pregnancy and for physiological relevance of
SphK activation and S1P release on uterine smooth muscle
during gestation (43).

Recent studies with animal models of human diseases
have begun to utilize SphK1 knockout mice to confirm
the importance of SphK1. Treatment of mice with dextran
sulfate sodium produces a model of colitis or inflammatory
bowel disease. Previous studies implicated SphK1 and S1P
production in implicated in induction of cyclooxygenase-2
by TNF-a (44), important components of inflammatory
pathways. SphK12/2 mice treated with dextran sulfate
sodium had significantly less blood loss, weight loss, and
colon abnormalities than wild-type mice and had no sys-
temic inflammatory responses (45). These findings suggest
that inhibition of SphK1 might be a novel means not only
to target tumorigenesis but also to decrease systemic and
local inflammation in inflammatory bowel disease.

While S1P is known to play an important role in the lung
in stabilizing interendothelial junctions to prevent micro-
vessel leakiness (46), whether this S1P is produced by
SphK1, SphK2, or both was not known. However, it was
recently demonstrated that treatment of mice with lipo-
polysaccharide increased lung microvascular permeability
followed by activation of SphK1 that was coupled to res-
toration of normal permeability (30). Lipopolysaccharide
markedly enhanced pulmonary edema in SphK2 knockout
mice, compared with wild-type mice. These results together
with earlier studies also demonstrated that the S1P1 recep-
tor was required for normal endothelial barrier function
and indicate a crucial role for S1P inside-out signaling in
the regulation of endothelial barrier homeostasis (30).

An emerging new area of interest is the role of SphK1
and S1P in virology. Human cytomegalovirus exploits a
variety of cellular signaling pathways to promote its own
replication. Human cytomegalovirus infection increased
SphK1 expression and activity and also increased levels
of dihydro-S1P and ceramide. Both de novo ceramide

synthesis and SphK1 were necessary for virus gene expres-
sion and virus growth, suggesting that host cell sphingolipids
are dynamically regulated upon herpes virus infection in a
manner that impacts virus replication (47).
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